Three methods are in current use for measuring the diffusing capacity of the lungs for carbon monoxide (DL). Two of these are steady state methods, and they differ in the methods used to calculate the mean alveolar carbon monoxide tension. Filley, MacIntosh and Wright (1) calculate the alveolar Pco indirectly, assuming the physiological dead space for carbon dioxide to be the same as that for carbon monoxide, while Bates, Boucot and Dormer (2) use the end-tidal Pco as the mean alveolar Pco. The third method is the single breath method of Krogh and Krogh (3) as modified by Ogilvie, Forster, Blakemore and Morton (4). Each method in theory measures the total resistance to gas diffusion offered by the structures that lie between the gas in the alveoli and the hemoglobin within the red cells of the pulmonary capillaries. The results obtained by each method differ in normal subjects; and in disease states, such as emphysema, the differences may be great. While the different results obtained in similar subjects by the two steady state methods can largely be explained by the different methods of estimating the mean alveolar Pco (5), the breath-holding method consistently gives higher results than either of the steady state methods (6). Marshall (7) has recently compared the breath-holding method of measuring DL with a steady state method, using end-tidal samples in a small group of normal subjects and patients with emphysema. He found that, while in normal subjects the end-tidal sample satisfactorily reflected the mean alveolar Pco, in emphysema with impaired intrapulmonary gas mixing, the end-tidal sample overestimates the mean alveolar Pco and therefore gives falsely low results for the diffusing capacity. These results The present study was made 1) to compare the single breath and steady state methods in a large group of subjects with widely varying intrapulmonary gas mixing; and 2) since abnormalities of intrapulmonary gas mixing cannot explain the differences that occur between the two methods in normal subjects, a study was made of the variations in the type of breathing which might influence the results of the steady state method in normal subjects.
throw doubt on the validity of the end-tidal steady state method of measuring diffusing capacity in subjects with other cardiopulmonary diseases who also have impaired pulmonary gas mixing.
The present study was made 1) to compare the single breath and steady state methods in a large group of subjects with widely varying intrapulmonary gas mixing; and 2) since abnormalities of intrapulmonary gas mixing cannot explain the differences that occur between the two methods in normal subjects, a study was made of the variations in the type of breathing which might influence the results of the steady state method in normal subjects.
METHODS
The steady state method used was that of Bates and co-workers (2) but the apparatus was modified in a number of details. The valve assembly consisted of single inspiratory and expiratory valves set in 2.5 cm-bore metal tubing in order to reduce the dead space and allow end-tidal samples to be obtained with smaller tidal volumes than were possible with the original apparatus. An automatic end-tidal sampler, triggered by a change in pressure at the mouthpiece, snatched a 35 ml sample at the end of each breath. During the test the subject breathed 0.125 per cent carbon monoxide in air; 1.5 minutes was allowed for the subject to reach a steady state and the expired gas was collected for a further 2 minutes during which time end-tidal samples were taken. The CO concentration in the inspired, mixed expired and end-tidal samples was measured by an infrared analyzer. Oxygen and carbon dioxide in the expired gas were measured by the Haldane method.
The pulmonary capillary carbon monoxide tension cannot be ignored in the steady state method. Subjects with a normal or high diffusing capacity have a considerable increase in blood carbon monoxide during the test, and unless this is allowed for, it may lower the calculated diffusing capacity by as much as 20 per cent (8) . Nonsmokers were assumed to have a negligible level of blood CO initially, and measurements of the pulmonary capillary blood CO tension were made only after the tests. In smokers the measurements were made both-before and after. We used a modification of the method of Sj6strand (9) which has been (lescried(l elsewhere (10) . The subject breathed oxygen for 3 minutes from an open circuit to wash out the nitrogen from the lungs. He then took a deep breath in and exhaled through a soda lime canister into an empty rubber bag from which he rebreathed for a further 3 minutes. The content of the bag was then analyzed for carbon dioxide, oxygen and carbon monoxide. The carbon monoxide tension of the blood, at the oxygen tension in the lungs during the test, was then calculated from the carbon monoxide and oxygen tensions in the rebreathing bag by the method described by Forster and co-workers (11) . The steady state DL is calculated from the equation:
where ETco is the fraction of CO in the end-tidal sample, B is the atmospheric pressure in mm Hg, and PBco is the calculated fraction of CO in equilibrium with the pulmonary capillary blood; i.e., CO% in equilibrated bag X calculated end-tidal 02%/02% in equilibrated bag.
The measurements on patients at rest, for reasons explained below, were made with the patient hyperventilating to maintain a tidal volume of at least 600 ml (STPD) and a respiratory rate of over 12 per minute. Subjects with tidal volumes or respiratory rates below these limits were excluded from the series. Measurements were made on exercise with the subjects walking on a motor-driven treadmill at a speed to cause moderate dyspnea.
The single breath method used was that described by Ogilvie and colleagues (4) . An inspired mixture containing 14 per cent helium, 0.125 per cent carbon monoxide, 20 per cent oxygen and the remainder nitrogen was used. The back pressure of CO in the blood was calculated as for the steady state method. Two estimations of DL were made, with a few minutes between each, and the mean of the two results taken.
Lung volumes and intrapulmonary gas mixing were measured by the helium closed-circuit technique with the apparatus described by Bates and Christie (12) . The normal limits of the mixing efficiency index by this method are considered to be 50 to 100 per cent.
Subjects and procedure. The normal subjects were medical students and laboratory staff. All patients attending the laboratory for pulmonary function tests during the period of the study are included in the series; 16 normal subjects and 125 patients with cardiopulmonary disease were studied. The order of investigation follows: 1) the lung volumes and intrapulmonary gas mixing were measured; 2) the basal level of CO in the blood was measured in smokers; 3) two estimations of the single breath DL were made; 4) the CO in the blood was again measured; 5) the steady state DL was measured at rest (during this estimation the tidal volume was recorded by a low resistance dry-gas meter on the inspiratory side of the circuit so that tidal volume was immediately read off and the patient was encouraged to increase his tidal volume to about one-third of his vital capacity) ; 6) the steady state Di, was measured during exercise; 7) the CO in the blood was again measured. The steady state DL was also measured in 3 normal subjects at varying tidal volumes both at rest and on exercise and in 4 of the subjects at varying respiratory rates at rest. All volumes are recorded at STPD.
RESULTS
The relationiship of steady state DL, ventilation. and exercise in normal subjects. The steady state DL was measured in three normal subjects who breathed at a fixed rate of 12 breaths per minute to a metronome and varied their tidal volumes. The results in all three subjects were similar, and detailed results in Subject GHA at rest are shown in Figure 1 . In this subject the steady In a second series of experiments nine normal subjects were examined, and both the steady state and single breath DL measured. The steady state DL was measured at rest during "quiet" breathing, during hyperventilation at the same respiratory rate (11 per minute) and during exercise. The tidal volume during the "quiet" respiration was at least 600 ml, and during hyperventilation it was as deep as possible. During exercise the subject breathed at his most comfortable rate and The details of the composition of each group and the mean figure for intrapulmonary gas mixing are shown in Table III , together with the mean oxygen consumption at rest and during exercise, and also the rate of exercise. Groups 1 and 2 were largely composed of patients with rheumatic heart disease, congenital heart disease and sarcoidosis but included some patients with thyrotoxicosis and some with asthma. The lowest DL'S were recorded in patients with emphysema or with alveolar-capillary block syndrome (13) due to sarcoidosis, metastatic carcinoma or idiopathic pulmonary fibrosis. The highest figures were obtained in patients with congenital heart disease with increased pulmonary blood flow. Most of these patients had atrial septal defects with left to right shunts. All the patients in group 3 suffered from chronic obstructive emphysema. The diagnosis was made on the clinical and radiological findings before they were referred for respiratory function studies. Figures 3, 4 and 5, and during exercise in Figures 6 and 7 . The scale is identical in each case. The relationship between the two measurements of DL was calculated by the method of least squares. Figure 3 shows the results in group 1, which was composed of all subjects with normal intrapulmonary gas mixing. The steady state figure was 78 per cent of the single breath figure for the group of 16 normal subjects, and 74 per cent for the 74 patients with normal intrapulmonary gas mixing. The mean figure for the whole group was 75 per cent. In group 2, which includes all patients with impaired intrapulmonary gas mixing, but with no clinical evidence of emphysema, the mean steady state DL was 66 per cent of the single breath DL (Figure 4) .
The mean pulmonary gas mixing index of group 3 (29 per cent) is comparable with that of group 2 (36 per cent), but in group 3 the single breath and steady state methods give results that bear no relationship to each other (Figure 5 ). All the patients with emphysema showed a steady state DL below 10 ml per minute per mm Hg, while the corresponding single breath DL varies between 3 and 42 ml per minute per mm Hg. The finding that patients with clinical emphysema have a steady state DL below 10 ml per minute per mm Hg is in agreement with the results of Bates, Knott and Christie (14) who used the same method. DISCUSSION A rise in steady state DL was found when normal subjects hyperventilated. This is in line with previous reported work. Ross (17) using the Bates method of measuring the steady state DL, all found a rise in DL when subjects hyperventilated. In this series, when normal subjects hyperventilated by progressively increasing their tidal volume while keeping the respiratory rate unchanged, a progressive rise in DL occurred ( Figure 1) ; but when the subjects hyperventilated by progressively increasing the respiratory rate while keeping the tidal volume steady, no rise in DL occurred ( Shephard (18) found DL at full inspiration to be up to 50 per cent greater than DL measured at the functional residual capacity, while McGrath and Thomson (19) , under similar circumstances, found a mean increase in DL of 31 per cent in eight normal subjects. In a previous study Marshall (7) measured the single breath DL at varying alveolar volumes and showed that DL decreased in such a way that, when the breath was held at the functional residual volume, the single breath DL became approximately equal to the steady state DL using end-tidal samples.
In this series there was good agreement between the resting steady state DL measured at maximal tidal volume and the resting single breath DL (Table I ). These findings suggest that there is no fundamental difference between the two methods in normal subjects. The increase in DL on hyper-1780) 30 2S ventilation may be due to an increase in the pulmonary capillary blood volume in association with an increased alveolar gas volume and, therefore, a larger blood gas interface. This suggests that the resting single breath DL measured at maximal inspiration and the resting steady state DL measured on maximal hyperventilation are equal, and both reflect the maximal diffusing capacity of the lungs for carbon monoxide in the resting subject.
The steady state DL on exercise was higher than the hyperventilation DL in all but one subject, and higher than the single breath DL in six of the nine subjects. Although the exercise DL obtained in these subjects was not usually equaled during hyperventilation or when measured by the single breath method, the mean exercise DL was only 11 per cent greater than the resting single breath DL. Ross (15) , and Turino (16), and their associates made observations at rest and during exercise, using the Filley method. They showed that in the series as a whole, the increase in DL on exercise was no greater than that produced by an equivalent degree of hyperventilation at rest. In the present study, repeated measurements on three subjects (the results on one of whom are shown in Figure 1 ) have shown that exercise produces an increase in DL, measured by the steady state method, which is greater than that which can be accounted for by the hyperventilation alone. This is in keeping with the findings of MacNamara and co-workers (17) who also used the Bates method of measuring DL.
The diffusing capacity is not a constant but varies with the alveolar volume at which it is measured, and it is clearly important to control the tidal volume at which DL is measured if the results are not to be misleading. In this context the single breath method has the advantage that the alveolar volume at which it is measured is easily fixed at maximal inspiration, while hyperventilation in the untrained subject at rest may result in irregular tidal volumes and an unreliable figure for DL. Measurement of the steady state DL during exercise overcomes this difficulty, but the result must then be related to the rate of work (2) or oxygen consumption (20) and functional residual volume (2) or surface area.
The general relationship between the steady state and single breath DL ill this series of 141 subjects is similar to that obtained by Marks and co-workers (6) who found the Filley steady state method gave results about two-thirds of the single breath DL.
The patients in group 1, with cardiac or respiratory disease but normal intrapulmonary gas mixing, behaved similarly to the normal subjects, the steady state DL being equal to approximately 75 per cent of the single breath DL (Figure 3) .
The difference in the ratio of steady state DL to single breath DL in group 1 (74 per cent) compared with group 2 (66 per cent) may be due to a number of factors. Patients in group 2 were more incapacitated than those in group 1 (Table  III) and breathed at a smaller tidal volume. Borderline cases such as one with severe persistent asthma and widespread cystic bronchiectasis (steady state DL 4.6, single breath DL 18 ml CO/min/mm Hg) were included in group 2 rather than 3. In addition, it is likely that in the presence of impaired intrapulmonary gas mixing the steady state DL is too low because of endtidal sampling errors. This point is discussed further below, but the maximal effect of inaccurate end-tidal sampling in group 2 is to lower the steady state Dr, by only 10 (7) has recently discussed the enid-tidal sampling method of measuring DL in patients with emphysema. In emphysema, where no clear division exists between dead space and alveolar gas, the end-tidal samples contain more CO than the mean concentration of CO in the lungs. The steady state method using end-tidal samples therefore gives falsely low figures for the over-all diffusing capacity of the lung. Bates (22) believes the steady state method with end-tidal sampling reflects the diffusing capacity of the predominantly ventilated portion of the lung.
The most striking difference between groups 2 and 3 is the lack of correlation between the single breath and steady state DL either at rest or on exercise in group 3. Although the mean mixing efficiency index of group 3 (29 per cent) is only slightly lower than that of group 2 (36 per cent), this index is not a sensitive measurement of gas mixing and the differences of gas distribution in the two groups may be greater than that indicated by the mixing index figures. If the ratio Vsb/Veq is used as a measure of mixing efficiency, a much greater difference is found between the two groups. A lower mixing efficiency in group 3 than in group 2 would contribute to the lack of correlation between the two methods in these groups.
3. The main cause of the differences between groups 2 and 3 is probably the inequality of ventilation and perfusion in the emphysematous lung. The volume of unperfused or underperfused lung of emphysema patients is increased, and this increased physiological dead space is ventilated mainly by the tidal volume. When the DL is measured with normal tidal volumes, as in the steady state method, a large proportion of the tidal volume will ventilate physiological dead space and give a low DL. A previous study by Marshall (7) showed that the DL in emphysema was uniform throughout most of a full expiration. The method was not capable of detecting changes in the first few hundred ml of alveolar gas air, and it is probable that the gas first expired, which has the highest ventilation-perfusion ratio, comes from regions of the lung with a low DL. High values for the single breath DL with low values lay the steady state method could occur when the pathological changes in the lungs are such that the most severely affected parts of the lung are ventilated by the tidal volume and when the re-mainder of the lung is less severely affected. When the emphysematous changes in the lungs are diffused throughout the lungs, both the single breath and steady state DL will be low.
It appears that in the absence of emphysema either method gives a satisfactory figure for DL. The difference between the results obtained by the two methods can largely be accounted for by the different alveolar volume at which they are measured, although impaired intrapulmonary gas mixing may lower the steady state result by approximately 10 per cent.
In emphysema neither method measures DL satisfactorily. The steady state method gives consistently low results for reasons discussed above and, although this makes the'steady state method a useful test clinically, the results do not reflect the true diffusing capacity of the lungs. The single breath method gives results in emphysema which are often optimistic and which, although they may be of value in investigating the physiology of the disease, are usually of little help in the assessment of disability.
SUM MARY
In 16 normal subjects and 125 patients with cardiac or respiratory disease, measurements of the diffusing capacity of the lungs for carbon monoxide (DL) were made by both the single breath and the steady state methods with end-tidal samples as a measure of alveolar CO.
In 16 normal subjects at rest the steady state DL was about 75 per cent of the single breath DL. The steady state DL increased with increasing tidal volume so that at maximal tidal volume the steady state DL was approximately the same as the single breath DL. The increase of DL on exercise was greater than could be accounted for by the increased ventilation on exercise. An increase of respiratory rate without an increase in tidal volume did not increase DL.
The patients with cardiac or respiratory disease were considered in three groups. Group 1 (74 patients with normal pulmonary gas mixing): the steady state DL was 74 per cent of the single breath DL at rest. Group 2 (26 patients with impaired pulmonary gas mixing but no clinical evidence of emphysema): the steady state DL was 66 per cent of the single breath figure. The difference between groups 1 and 2 may be due, in part, to the errors in end-tidal sampling in patients with uneven pulmonary ventilation. Group 3 (25 patients with--emphysema): there was no relationship between the single breath and steady state DL. The reasons for this are discussed.
